Abstract. In this paper, an real-time fatigue crack monitoring method is investigated based on the fiber Bragg grating (FBG) sensors. Three FBGs are applied along the direction of crack propagation to monitor a fatigue crack with size of 10mm. Experimental results demonstrate that the reflection spectrum changes observably with the propagation of crack when the crack is within 3-4mm long of each FBG. Characteristic parameters are constructed to detect the variation degree of reflection spectrum. A crack quantification model based on characteristic parameters is proposed to describe the correlation between the crack size and damage sensitive features extracted form FBG measurements. It makes possible to monitor the propagation of crack quantitatively within 3-4 mm long for each FBG. Finally, a certain size crack can be monitored using several FBGs.
Introduction
Local cracks are one of the typical damage of structures caused by stress concentration. Sensing technologies have been developed to monitor the propagation of local cracks. Among various sensors, fiber bragg grating (FBG) is one of optical sensors providing strain and temperature measurement, which has great characteristics of lightweight, highly sensitive, small in size, immune to electro-magnetic interference, etc. 1 Therefore, a new crack monitoring method is proposed based on FBGs.
In the most common application, FBGs are used as a point-wise sensor, which collects only the central/peak wavelength shift in the reflection intensity spectrum, to measure the average strain over the grating length of FBGs. But the complicated damage state around the local crack with a nonuniform strain distribution at the crack tip cannot be monitored by just measuring the average strain. In recent years, complete reflection spectrum information of the FBG has widely been studied. The distortion of the spectrum caused by nonuniform strain distribution over the grating length has been investigated 2 . Thus, we suggest that the reflection spectrum can be used to obtain the variation of strain distribution induced by the crack, which makes it possible to detect and monitor the local crack with a high strain gradient nearby [3] [4] [5] . The specific focus of this paper is to examine the quantitative relation between characteristic parameters of reflection spectrum and the crack size.
Experiment
The experiment uses plate sample made of the aluminum alloy 7050-T6, with the dimension 600×300×2 mm. A hole of 6 mm diameter is drilled at the center of the specimen, and then a notch with 3 mm long is machined at the edge of the hole by the electro-discharge method. The time dependence of forces is sinusoidal, with which the stress ratio is 0.1 and the maximum stress is 75MPa. In this study, we intend to monitor a crack of 10 mm long.
In order to determine the layout of FBGs, finite element analysis is carried out to obtain the strain distribution at different crack size, of which Figure 1(a) is the strain distribution of the crack with size of 3 mm. The finite element analysis result shows that there exists obvious longitudinal strain gradient within 3-4 mm long in front of crack tip for every crack size. So for a FBG, the sensitive range is about 3-4 mm long. Besides, the range of nonuniform strain increases a little with the propagation of crack. According to the analysis above, layout of FBGs is shown as Figure 1(b) . FBG1 is used to monitor the crack with size of 0-3mm. FBG2 is used to monitor the crack with size of 3-6mm. FBG3 is used to monitor the crack with size of 6-10mm. The length of grating is 2 mm long. Figure 2 depicts the reflection spectrum of three FBGs at different crack size. There are obvious distortion and a small shift of reflection spectrum with the propagation of crack. When the crack size is between 0 and 3 mm, the reflection spectrum of FBG1 becomes broader and the peak intensity decreases with the propagation of crack. Also, the peak wavelength shift a little. When the crack size is between 3 and 6 mm, the reflection spectrum of FBG2 has the same changes as FBG1.
Reflection Spectrum of FBGs
When the crack size is between 6 and 10 mm, the reflection spectrum of FBG3 has the same changes as FBG1. What's more, the reflection spectrum of FBG3 appears several peaks in later propagation of crack. Three characteristic parameters, normalized peak intensity β 1 , normalized bandwidth β 2 , normalized peak intensity β 3 , are constructed to detect the variation degree of reflection spectrum:
where r is the peak intensity, △λ is the difference between two wavelength corresponding to the intensity of zero, called bandwidth, λ b is the peak wavelength, r 0 , △λ 0 , λ b0 are the initial value of above-mentioned parameters respectively. Figure 3 shows the variation of three characteristic parameters. With the propagation of crack which is within monitoring range of each FBG, the corresponding normalized peak intensity decreases, normalized bandwidth increases and normalized peak wavelength first increases and then decreases. However, the normalized wavelength floats in a small scope. This suggests that the variation of strain along grating is not obvious. The major variation of reflection spectrum is spectrum distortion. Principle of strain sensing is given to explain the above-mentioned phenomenon. FBGs have a periodic variation in the index of refraction along a certain length of the core of a single-mode optical fiber. When broad-band light is launched into it, only a narrow band of light centered at a certain wavelength is reflected, which satisfied the relation λ b =2n 0 Λ 0 , where Λ 0 is the period of this index modulation and n 0 is the average refractive index of the fiber core 6 . When the grating is subject to a strain, both the grating period length and the average refractive index will change and so accordingly will the reflective wavelength:
where L is the grating length, p e is strain-optic constant.
If each position of grating is subject to the same strain or to the zero strain, the grating will experience the same change leading to a simple shift of wavelength and a high intensity in the reflection. However, in this experiment, the grating is subjected to a nonuniform strain, which means the strain at each position of grating is different. On the one hand, when the crack reaches into the monitoring range of FBGs, the strain distribution along the grating (in the z-direction) as ε(z) becomes nonuniform, leading to the different reflected wavelengths from each position of this grating. As a result, the reflective light covers a broader wavelength range and has a lower intensity compared with the case of uniform strain or zero strain. So the normalized peak intensity begin to decrease and the normalized bandwidth begin to increase. With the propagation of crack, this phenomenon becomes more obviously caused by increased strain gradient, which shows up as a continuous decrease of normalized peak intensity and increase of normalized bandwidth, as shown in Figure 3(a) and (b) . Several peaks may appears in the reflection spectrum, when the strain gradient is very high, as shown in Figure 2 . On the other hand, with the propagation of crack to the FBG, the strain at each position of grating first increases and then decreases according to finite element analysis above, which cause the whole reflected wavelength first increases and then decreases according to Eq. (1), as shown in Figure 3(a) .
Quantitative Model for Crack Monitoring
According to the analysis above, regression analysis is carried out to set up a quantitative model for crack monitoring. Consider a binary nonlinear regression model:
(2) where a is the crack length as the dependent variable, and β 1 , β 2 are the normalized peak intensity and the normalized bandwidth respectively as the independent variable.
For FBG1, when the crack length is between 0 and 3 mm, regression equation: 
Conclusion
This study proposes an online fatigue crack monitoring method based on the fiber Bragg grating (FBG) sensors. The following conclusions are obtained in this study:
(1) According to finite element analysis, there exists obvious longitudinal strain gradient within 3-4 mm in front of crack tip. So for a FBG, the sensitive range is about 3-4 mm long.
(2) Characteristic parameters are constructed detect the variation degree of reflection spectrum. With the propagation of fatigue crack, the normalized intensity decreases, the normalized bandwidth increases, which caused by the nonuniform strain distribution around crack tip. FBGs are highly sensitive in their monitoring range.
(3) Three FBGs are applied along the direction of crack propagation. The quantitative relational model between the two characteristic parameters and crack length of each FBG is set up respectively through regression analysis, and thus it has achieved to monitor the propagation of a crack of 10mm long. 
